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Foreword 


The National Standard Reference Data System provides effective access to the quantitative data 
of physical science, critically evaluated and compiled for convenience, and readily accessible through 
a variety of distribution channels. The System was established in 1963 by action of the President’s 
Office of Science and Technology and the Federal Council for Science and Technology, with responsi- 
bility to administer it assigned to the National Bureau of Standards. 

The System now comprises a complex of data centers and other activities, carried on in academic 
institutions and other laboratories both in and out of government. The independent operational status 
of existing critical data projects is maintained and encouraged. Data centers that are components of 
the NSRDS produce compilations of critically evaluated data, critical reviews of the state of quantita- 
tive knowledge in specialized areas, and computations of useful functions derived from standard refer- 
ence data. In addition, the centers and projects establish criteria for evaluation and compilation of 
data and make recommendations on needed improvements in experimental techniques. They are nor- 
nally closely associated with active research in the relevant field. 

The technical scope of the NSRDS is indicated by the principal categories of data compilation 
projects now active or being planned: nuclear properties, atomic and molecular properties, solid state 
properties, thermodynamic and transport properties, chemical kinetics, and colloid and surface 
properties. 

The NSDRS receives advice and planning assistance from the National Research Council of the 
National Academy of Sciences-National Academy of Engineering. An overall Review Committee con- 
siders the program as a whole and makes recommendations on policy, long-term planning, and inter- 
national collaboration. Advisory Panels, each concerned with a single technical area, meet regularly 
to examine major portions of the program, assign relative priorities, and identify specific key problems 
in need of further attention. For selected specific topics, the Advisory Panels sponsor subpanels which 
make detailed studies of users’ needs, the present state of knowledge, and existing data resources as a 
basis for recommending one or more data compilation activities. This asserably of advisory services 
contributes greatly to the guidance of NSRDS activities. 

The NSRDS-NBS series of publications is intended primarily to include evaluated reference data 
and critical reviews of long-term interest to the scientific and technical community. 

The JANAF Thermochemical Tables Project, sponsored and monitored by agencies of the Defense 
Department, has been considered an important part of the National Standard Reference Data System. 
The tables have found wide utility in technical areas far removed from those for which the work was 
initiated. Consequently, when plans for a Second Edition of the JANAF Thermochemical Tables were 
under discussion, a suggestion was made that they be incorporated into the NSRDS—NBS publication 
series. This suggestion was accepted, and the present volume, NSRDS—NBS 37, is the outcome. It is 
hoped that this publication channel will lead to even wider distribution and greater use of these very 
valuable tables. 


Lewis M. Branscoms, Director 
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PREFACE TO THE FIRST EDITION 


Beginning in the mid-1950’s, when elements other than the conventional carbon, hydrogen, oxy- 
gen, nitrogen, chlorine, and fluorine came into consideration as rocket propellant ingredients, for- 
midable difficulties were encountered in conducting rigorous theoretical performance calculations for 
these new propellants. The first major problem was calculational techniques. The second was the lack 
of accurate thermodynamic data. 

By the end of 1959, the calculational technique problem had been substantially resolved by apply- 
ing the method of minimization of free energy to large, high-speed digital computers. At this point the 
calculations became as accurate as the thermodynamic data upon which they were based. However, 
serious gaps were present in the available data. For propellant ingredients, only the standard heat of 
formation is required to conduct a performance calculation. However, this must be known to a high 
degree of accuracy. For combustion products, the enthalpy and entropy must be known, as a function 
of temperature, in addition to the standard heat of formation. 

In order to resolve the problem, a substantial experimental thermodynamic research program was 
initiated under the sponsorship and technical direction of Project PRINCIPIA of the Advanced Re- 
search Projects Agency. Simultaneously, a project was initiated to critically evaluate and compile con- 
sistent tables of thermodynamic properties of propellant combustion products for use by the aerospace 
industry. This project, known as the “JANAF Thermochemical Tables,” was undertaken by the Dow 
Chemical Company. Since the objective of the project was to have one single source of “best available 
data” prepared for use by the entire industry, the JANAF Thermochemical Panel undertook the task 
of furnishing a critical review of the Tables prior to their publication and distribution. This approach 
was designed to insure that the Tables be of the highest possible quality. 


Washington, D.C. G. V. Mock 
July 1964 Advanced Research Project Agency 
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PREFACE TO THE SECOND EDITION 


It is appropriate to call attention to some of the reasons for the phenomenal success of the JANAF 
Thermochemical Tables in achieving, first, the initial limited objective of providing the standard data 
for the chemical rocket propulsion industry, and later, upon publication, world-wide recognition as 
thermodynamic reference data of the highest quality and timeliness. 

First, and most obvious, there was the selection and continued support of a highly competent 
evaluation team, themselves engaged in a broad specturm of thermodynamic research. The personnel 
of the Thermal Research Laboratory of the Dow Chemical Company, under the direction of Dr. D. R. 
Stull and Dr. H. Prophet, have filled this role to a degree of excellence not likely to be exceeded any- 
where. Moreover, the group has heroically remained productive in spite of many battles to retain con- 
tinuing support, and the actual sharp reduction of funding over the past two years to a less-than-viable 
level. 

A second important factor is the unusual approach to format, evaluation, and distribution of the 
Tables, as it has been followed since their inception. The primary distribution is in frequently issued 
loose-leaf supplements. Each previously issued table may thus be revised as often as necessary to take 
account of improved data. Kach loose-leaf table is accompanied on its reverse side by a complete ex- 
planation of the selection of the key data, together with all references. 

The third vital distinction of these Tables has been the existence of a continuing cognizant work- 
ing group composed of technological users of data, thermodynamicists, and government sponsors of 
both research and development. Independent prepublication review of the Tables has been an impor- 
tant contribution of some of the members of this group; but its annual technical meetings have resulted 
in even more far-reaching benefits. Together, the users and generators of data have been able to estab- 
lish realistic priorities for the species to be included in the Tables; at the same time the course of 
experimental research has been guided by the demonstration of absence or inadequacy of needed data. 
Although the working group no longer enjoys official recognition, the members and participants have 
enthusiastically volunteered to continue meeting in this important work. 

Special words of appreciation are due to Dr. Charles W. Beckett, who has lined up all the techni- 
cal presentations at the last six annual meetings of the working group; and to Mr. Curtis C. Selph who 
has served with wisdom and insight as the Air Force project monitor for the JANAF Thermochemical 
Tables contracts. 


JosepyH F. Masi 
Air Force Office of Scientific Research 


Arlington, Virginia 
October, 1970 


Members of the JANAF Thermochemical Panel (1959-1961) and the JANAF Thermochemical Work- 
ing Group (1961-1964) were: 


T. O. Dobbins, Advanced Research Projects Agency (Past Chairman) 

W. H. Jones, Institute for Defense Analysis; Aerospace Corporation (Past Chairman) 

W. G. May, Institute for Defense Analyses; Esso Research and Engineering Company 
(Past Chairman) 

C. W. Beckett, National Bureau of Standards (Vice Chairman) 

G. W. Avery, Chemical Propulsion Information Agency (Past Secretary) 

B. K. Farris, Chemical Propulsion Information Agency (Past Secretary) 

T. L. Reedy, Chemical Propulsion Information Agency (Secretary) 

B. J. Alley, Army Materiel Command 

P. W. Bender, University of Wisconsin 

. A. Bernett, Bureau of Naval Weapons 

. Brown, Hercules Powder Company 

. L. Funk, Jet Propulsion Laboratory 

. S. Gordon, Thiokol Chemical Corporation 

. J. Gordon, Aerojet-General Corporation 

. A. Greene, North American Aviation, Incorporated 

. B. Henderson, Atlantic Research Corporation 

. L. Hildenbrand, Philco Corporation 

. L. Margrave, University of Wisconsin 

. P. McCullough, U.S. Bureau of Mines 
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. C. Selph, Air Force Systems Command 

D. R. Stull, Dow Chemical Company 


The Thermochemical Working Group of the Interagency Chemical Rocket Propulsion Group (ICRPG) 
has consisted of the following at various times during its existence (1964-1969). 
Members 

J. F. Masi, Air Force Office of Scientific Research (Chairman) 

C. W. Beckett, National Bureau of Standards (Vice Chairman) 

T. O. Dobbins, Advanced Research Projects Agency 

S. Gordon, National Aeronautics and Space Administration 

R. Jackel, Office of Naval Research 

J. Murrin, Naval Ordnance Systems Command 

R. Odom, Army Materiel Command 

C. E. Selph, Air Force Rocket Propulsion Laboratory 

D. Squire, Army Research Office 


Participants 


G. S. Bahn, Marquardt Corporation 

B. Brown, Hercules, Incorporated 

H. F. Calcote, AeroChem Research Laboratories 
J. P. Coughlin, Aerojet-General Corporation 

J. 5S. Gordon, Atlantic Research Corporation 

D. R. Douslin, U.S. Bureau of Mines 

M. Farber, Space Sciences, Incorporated 

R. M. Fristrom, Applied Physics Laboratory 

C. B. Henderson, Atlantic Research Corporation 
D. L. Hildenbrand, Douglas Aircraft Company 

J. L. Margrave, Rice University 
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W. G. May, Esso Research and Engineering Company 
W. Mitchell, Thiokol Chemical Corporation 

C. F. Robillard, Jet Propulsion Laboratory 

L. Schieler, Aerospace Corporation 

C. H. Shomate, Naval Weapons Center 

D. R. Stull, Dow Chemical Company 


M. Zimmer, Naval Ordnance Station 


Secretariat (Chemical Propulsion Information Agency) 


T. Gilliland 
M. McCormack 
T. L. Reedy 
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Project Personnel 


The Tables began under the direction of Daniel R. Stull in 1959. Major contributions in the first 
two years were made by Thomas E. Dergazarian, Samuel Levine and Louis A. DuPlessis. In the years 
from 1961 to 1969 the major contributors were Jing Chao, Harold Prophet, Alan N. Syverud and 
Andrew T. Hu. In 1969 Harold Prophet succeeded Daniel R. Stull as project director. At present Alan 
N. Syverud, Andrew T. Hu and Jerry L. Curnutt are the principal contributors. 

Special mention must be made of Alan N. Syverud for his help in the technical editing of the 
Tables. Also G. C. Sinke has aided the project on numerous occasions with criticism, advice and tables. 

We also wish to acknowledge the valuable asssistance of Norma Dumont 1959-64, Viola E. Har- 
rington 1964-66, Carol S. Scheffler 1966-67, Wildene B. Harris 1967-68 and Mary J. Walter since 1968 
in the typing of these Tables. Isabel Carr has provided valuable services to the group in abstracting, 
searching and ordering documents, and proof reading the Tables. 

We also wish to thank the staff of the Computation Research Laboratory for their assistance in the 
many facets of the production of these Tables. 


DANIEL R. STULL 
HAROLD PROPHET 
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Library of Congress Catalog Card Number: 77-611423 


The fundamental constants are those recommended by the 
by F. D. Rossini, Pure and Applied Chemistry, 9, 453 (1964). 
reported by A. E. Cameron and E. Wichers, J. Am. Chem. Soc. 
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The physical scale based on the atomic mass of C= 
84, 4175 (1962) is employed. 


The temperature scale is 


International Union of Pure and Applied Chemistry as reported 


12 


nominally the 1948 International Practical Temperature Scale for measured quantities and nominally the thermodynamic 


temperature scale for calculated gaseous quantities. 


Practical Temperature Scale are given by T. B. Douglas, J. Research Natl. Bur. Std. 73A, 451 (1969). 


Name 
Velocity of Light 
Planck Constant 
Avogadro Constant 
Faraday Constant 
Absolute temperature of 
the "ice point", O°C 


Molar volume of ideal gas 


Pressure-Volume product 
for a mole of gas at 0°C 
and zero pressure 


Electronic Charge 


Gas constant 


Boltzmann Constant 

Second radiation constant 

Constant relating wave number 
and energy per mole E, in 


the relation (AE)=Nhe(Av)=Z(Av) 


Name 
Standard gravity 


Standard atmosphere 


Standard millimeter of 


mercury pressure 


Thermochemical calorie 


Fundamental Constants 


Symbol Value 
e 2.997925 x 101° 
h 666256 % 4a0-” 
N 6.02252 x 102° 
F 96,487.0 
Pees 273.1500 
Vase 22,413.6 
(1 atm) 
P=0 
(PV) 2271.06 
To°¢ 
e 1.60210 x 1019 
8.3143 
R 
1.987165 
k 1.38054 x 107+ 
cy 1.43879 
Z 11.96255 


Defined Constants 


Symbol Value 
gE 980.665 
atm LOR 325 
mmHg 1/760 

cal 4.1840 


Units 
cms 
erg s 
mol 


C mol 


em? mol~ 


J mol 


Cc 
J fee modes 
eal dep > Sai 


1 


erg deg + molecule 


em deg 


J ecm mo1 + 


Units 
cm s 


Nm 


atm 


The probable errors between these scales and the 1968 International 
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Throughout these tables, the symbols used are defined as follows: 


amorph. Amorphous state S Entropy 
B The rotational constant for diatomic or ae Temperature in degrees Kelvin (T° = t° + 273.15°) 
linear molecules it Temperature in degrees Celsius 
o Molar heat capacity at constant pressure Vv Volume 
© Crystalline state V5 Potential barrier 
D Centrifugal distortion constant x First order vibrational anharmonicity constant 
Do Dissociation energy required to break a bond y Second order vibrational anharmonicity constant 
ait OmmN a Vibrational-rotational interaction constant 
E Internal or intrinsic energy € Electronic energy level 
G or F Gibbs energy = E + PV - TS = H —- TS u Reduced mass of the molecule 
gs Quantum weight of electronic states fo) Density 
() Parentheses following a vibrational frequency o Symmetry number 
are used to indicate the degeneracy w Vibrational frequency 
g Gaseous state, or statistical weight {] Square brackets enclose estimated quantities 
GFW Gram Formula Mass 
gls Glassy state Subscripts 
H Enthalpy (or heat content) = E + PV a Atomization 
Tye I,> Iq Principal moments of inertia of a molecule b Boiling point at one atmosphere pressure 
Tatgt, Product of the principal moments of inertia c Combustion, or critical state 
of a molecule d Dissociation 
K Equilibrium constant e Equilibrium position 
k Hooke's Law force constant ify Formation from elements in their standard states 
liq. or 4 Liquid state i The i th quantity 
in Logarithm to the base e (e = 2.7182818) m Melting 
log Logarithm to the base 10 Pp Constant pressure 
n Number of potential maxima in an internal Yr Reaction 
rotation s Sublimation 
P Pressure in atmospheres its Transition 
1) Internuclear distance Vv Vaporization 


In addition to the above symbols, the spectroscopic symbols and terminology employed by G. Herzberg, “Spectra of Diatomic 


Molecules", 2nd Ed., and "Infrared and Raman Spectra'', D. Van Nostrand Company, Inc., New York, are adopted. 
Circular superscript, °, indicates the thermodynamic standard state. 


Numerical subscript, as denotes temperature in Kelvins. 


DO} 6 ALS? 
A indicates the increment in a given property for a given process or reaction, taken as the value for the final state (or 


sum for the products) less that for the initial state (or sum for reactants). 


AH, AG, AS, ac. equal the increment in enthalpy, Gibbs energy, entropy and heat capacity, respectively, for a process or 


reaction. 


AHe represents the standard enthalpy of formation, which is the increment in enthalpy associated with the reaction of forming 


the given compound from its elements, with each substance in its thermodynamic standard state at the given temperature. 


AH? 298.15 symbolizes the enthalpy of combustion of a given substance, in gaseous oxygen to completely oxidized products at 


25°C. and constant pressure, with all reactants and products in their appropriate standard states. 
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AH represents the enthalpy change in a given reaction at 25°C and constant pressure with all the reactants and 


° 
r 298.15 
products in their appropriate standard states. 

When the reaction or process evolves heat, the sign of the change in enthalpy is negative. Conversely, when the reaction 


or process absorbs heat, the sign of the change in enthalpy is positive. 


AGe or aFPe 


reaction of forming the given compound from its elements, with each substance in its thermodynamic standard state at the 


denotes the standard Gibbs energy of formation, which is the increment in Gibbs energy associated with the 


given temperature. 


Legs 0X, stands for the logarithm (to the base 10) of the thermodynamic equilibrium constant of formation for the reaction 


of forming the given compound from its elements at the indicated temperature. 


(HI-H5 93 15? indicates the enthalpy (or heat content) in the standard state at the temperature T less the enthalpy in the 


standard state at 298.15 K. 


K ae © tre a z s : : bs 2 ra 

(Ga-Hoog 45)/T or (Fa Hoes.is)/? denotes the Gibbs energy function in the standard state at temperature T, and is defined 
° ° ° 

as “Sp + (HI-Hoog 45/7: 


St represents the absolute entropy of the thermodynamic standard state at the absolute temperature T, omitting contributions 


from nuclear spins. 


The Standard State is taken as the state at one atmosphere pressure and the temperature under consideration for the solid, 


liquid, and ideal gas. Only homogeneous substances are considered here. 


The Reference State applies to elements in their stable standard state. Consequently the Reference State tables presented 


here are either single phase or polyphase tables. 


CHANGES IN SYMBOLS ON TABLES DATED 6-30-66 OR LATER 


The following symbols are used, without periods, to indicate units as follows: 


ymbol Unit Symbol Unit 
A angstrom eu calories per degree-mole 
atm atmosphere Eg gram 
cal calorie J joule 
deg degree (temperature) keal kilocalorie 
S€ degree Celsius mm millimeter 
aK degree Kelvin mol mole 
eV electron voit gibbs calories per degree 


Subscripts as defined earlier are used as symbol modifiers but are placed on the same line, thus, heat capacity is abbreviated 


as Cp°, enthalpy of formation as AHf°, etc. 


RELATIONSHIP TO Si UNITS 
The symbols cal. mole + deg + and gibbs/mol are identical and refer to units of calories per degree-mole. These units can 
be converted to SI units of joules per degree-mole by multiplying the tabulated values by 4.184. Similarly values in 
kilocalories per mole can be converted to joules per mole by multiplying with the factor 4184. For further discussions of 


the SI system and for conversions from other units the reader should consult Pure and Applied Chemistry, 21, 1 (1970). 


EVALUATION OF THERMODYNAMIC DATA 


A. Interconsistency 
The basic aim of these thermodynamic property tables is to provide a related and consistent set of enthalpies and Gibbs 


energies of formation. This allows the prediction of the enthalpy and gibbs energy changes of any reaction among the constituents 
of the tables. Since the enthalpy and Gibbs energy of formation are related to each other by the entropy of formation we may 
choose to make consistent any two of these quantities. The entropy, which is an absolute quantity in thermochemical calculations, 
is ideal for this purpose. Since the enthalpy of reaction is the most common link between different materials, we adopt it as 
the other consistent quantity. Unfortunately enthalpies are not absolute quantities and in order to achieve consistency it is 
necessary to provide a consistent base. This is done by referring all enthalpies of formation to the elements in their reference 
states. By convention the enthalpy of formation of an element in its reference state is zero at all temperatures. 

The reference state may be single phase or multiphase and examples of both kinds are found in this compilation. In these 

Ci, ete. Hor 


N 
Lie mh 2 
elements which are solid at room temperature we adopt the solid state up to the melting point, then the liquid up to the boiling 


tables we have generally chosen the ideal diatomic gas for the reference state of permanent gases such as 0 


point, and then the gas phase. These choices are arbitrary and vary in different compilations. Enthalpies or Gibbs energies of 
formation taken from different sources should be checked to ensure that the reference states are the same. 

The choice of reference states is the first step in any scheme for interconsistency, and is the relation of all quantities 
to comparable bases. The next step in obtaining an interconsistent set of values, ideally, would be to take all the measured 
values of enthalpies, Gibbs energies and entropies of reaction and, after adjustment to the proper reference states, to solve the 
whole set simultaneously. This would provide values for enthalpies, Gibbs energies and entropies which when combined would yield 
the minimum overall deviations from the measured values. We have already taken this approach in a limited sense by treating groups 
of interrelated fluorides simultaneously. Hopefully with even larger memories in computers we shall be able to move towards the 
ultimate goal. As an interim solution it is necessary to fix, simultaneously when possible, certain key values for common 
reactants such as water, hydrochloric acid, etc., these can then be used to help fix smaller groups of interrelated compounds. 

Because of the several revisions of these tables we do not claim to maintain perfect interconsistency. However, the 
consistency of the tables is a prime concern and a cause for revision if the effects are of the same order of magnitude as the 
stated uncertainties. As an example, over 100 fluoride tables have been revised since a new HF gas table was adopted in 
December 1968. 

Another type of consistency is involved in systems where properties must be estimated. For example’the estimation of certain 
properties of a series of halides must be done so that the proper graduation in properties occurs from fluoride to iodide and 
from polyhalide to monohalide. Similarly the evaluation of experimental data must be done in a consistent manner, and this is 
discussed in the next section. 


B. General Evaluation Techniques 
1. The Second-Law Method 


Starting from the equation AG° = -TénK, by differentiation with respect to T and substitution of d(AG°)/dT = -AS°, we obtain 
NE = RT“d( enk) /aT, the well known van't Hoff equation. By substituting dT = -T*4(1/T) one obtains AH® = -Rd(nK)/d(1/T), thus, 
the slope of a #nK versus 1/T plot is -AH°/R. If AH° is constant then the slope is constant and the plot is a straight line. 
Since the variation of AH°® with temperature is often quite small it is customary to assume a straight line relationship. This 
method of obtaining heats of reaction from equilibrium measurements is known as a "second-law" calculation. However, it should be 
noted that for greatest accuracy the equilibrium measurements should extend over a wide range of temperature, and in this case AH® 
is probably not constant. Curvature corrections can be applied by assuming a specific form for the variation of AH° with tempera - 
ture, however, the effects of such corrections are of significance only with very precise measurements. It should be noted that 
the second law cannot be applied to a single observation, but the third-law method, which is described below, can be used. The 
second-law method can be applied when only relative values of the equilibrium constant are available, for example, from mass— 


spectroscopic intensity measurements. 


2. The Third-Law Method 
The third-law method is based on a knowledge of the absolute entropy of the reactants and products. It allows the calculatim 
of a reaction enthalpy from each data point when the change in the Gibbs-energy function for the reaction is known. The Gibbs-— 


energy function is defined as gef., = (G°-H° .)/T and is easily calculated from the relation 


ee i 
Sp = ~(G,-H,)/T = (Hy-H op) /T - (Gp-Hi og) /T 
thus, : 
gef,, = -Sp + (HI-H)g)/T- 


From the definition we can write for the change in a reaction 


AG*/T = Agef, + AH? o¢/T = -Rf£nKp 
thus, 


AH /T = -R&nKp - Agef., 


met 
where A signifies 2 products -2 reactants. 

In the JANAF Thermochemical Tables, Gibbs-energy functions are based on 298 K and, thus, yield enthalpies at 298 K regardless 
of the temperature of the reaction. It should be noted that, since most of these tables are single phase tables, the Gibbs—energy 
functions of liquids are based on liquid at 298 K even though it may not exist at 298 K. This differs from the usual convention 
of combining all condensed phases into one table; in this case the enthalpy of reaction refers to the state stable at the base 


temperature. In these tables the functions always refer to the state of the table at 298 K regardless of its stability. For 


example, if the vapor pressure over liquid copper is analysed using Cu(£) Gibbs-energy functions the enthalpy of vaporization at 
298 K will resuit. To calculate the enthalpy of sublimation of Cu it is necessary to add the heat of melting at 298 K, which 


im 
17) 


the difference in the heat of formation of Cu(£) and Cu(c) at 298 K. It should aiso be noted that Gibbs-energy functions are 
always negative, thus the function -(G2-H)/T is usuaily tabulated and the proper sign must be remembered when using these 
functions. 

The analysis of data by the third law is generally considered superior to the second-law analysis. It is definitely superior 
if the Gibbs-energy functions are measured, because each data point is independent of the others. Thus, third-law analysis will 
often reveal trends in the equilibrium constants of a set of data that indicate nonequilibrium or erroneous values. We have found 
a combination of the two methods to be so valuable that a third-law calculation is always accompanied by a second-law treatment 
of the same data. The calculation is done in ascending temperature order to give *Boa3 and its deviation from the mean, 4, and 
the calculated log K, and its deviation from the least-squares line. Third-law analyses enables bad points to be seen as 
deviations from the general trend of the differences; thus the method can be used even when the Gibbs-energy functions are 
estimated. If these bad points are located on the ends of the data set, the second-law line often fits quite well through then 
and by itself does not arouse suspicion. Moreover, the dropping of such points can bring widely discordant slopes into agreement 
with each other and often with the third-law values. The data sets given in Table 1 illustrate these comments. The first set 
of data contains all the reported points and is in disagreement with earlier values around 54 kcal/mole. The third-law analysis 
indicates the first two points are poor, and the effect of dropping these two is shown in the second set of data. This latter 
second-law slope has changed considerably; the heat is in good agreement with the earlier data and with the third law. The size 
of the third-law deviations in the second set indicates that the data are not very reproducible. A deviation of 0.5 kcal at 
1000°K represents an uncertainty of 30% in the measured equilibrium constants. 

If measured Gibbs-energy functions are available, third-law analysis is preferred; however, if the data are good, the second- 
law value should agree. When the Gibbs-energy functions are estimated, the third-law values derived from them must be handled 
carefully. Values that are constant and that agree with the second-law enthalpy indicate that the Gibbs-energy functions and 
equilibrium data are mutually consistent. A drift with temperature of the third-law values indicates errors in either the data 
or the functions. The magnitude of such drifts is often given in the table write-up and represents the entropy change required 
to bring the second- and third-law values into agreement. If the drift is within the experimental entropy uncertainty then the 


data are acceptable. Drifts which are much larger than reasonable entropy errors generally indicate failure to attain 


equilibrium. 
Table 1. Analysis of Equilibrium Data 
PDF,(c) > PbF,(g), data of Nesmeyanov and Iofa, Russ. J. Inorg. Chem. &, 219 (1959) 
Analysis I Analysis IT 
Third Law Second Law Third Law Second Law 
Observed Calculated Observed Calculated 
T°K AB joe 6 Log a Log “+ Difference T°K 42508 é Log = Log + Difference 
292-07 54.276 -1.105 -§.959 -6.016 0.057 852.0 54.3980 -0.592 -5.222 -5.344 0.122 
806 .0* 54.004 -1.377 —5.653 -5.816 0.163 884.0 55.552 -0.020 —#.925 -#.3900 -0.025 
852.0 54.980 -0.401 —§.222 -5.207 -0.015 884.0 55.700 0.128 -4.962 -&.900 —0.061 
884.0 55.552 0.171 —-#.925 -4.820 -0.105 300.0 55.720 0.148 -H.754 —-#.691 -0.063 
882.0 $5.700 0.319 -#.962 -#.820 -0.182 907.0 55.561 -0.011 -#.621 -£.601 -0.020 
$00.0 55.720 0.339 -4.754 -4.637 -0.117 911.0 55.824 0.253 —&.630 —4.551 -0.080 
307.0 §5.561 0.180 -4.6521 —4.559 -0.062 921.0 54.998 -0.574 -4.301 —-4#.426 0.125 
911.0 55.824 o.885 -4.630 —4.515 -0.115 936.0 55.988 0.816 -#.339 -8.245 -0.094 
$21.0 54.998 -0.383 -#.301 -4.407 0.106 941.0 55.757 0.185 -£.221 -#£.186 -0.035 
936.0 55.988 0.607 -4£.339 -£.248 -0.091 950.0 54.957 -0.614 -3.923 -#.081L 0.158 
941.0 55.757 0.376 -8.221 —4.197 -0.024 958.0 56.122 0.550 -#.090 —3.989 -0.101 
950.0 54.957 -0.423 —3.923 —#.105 0.182 $84.0 55.661 0.089 -3.671 -3.701 0.030 
958.0 56.122 0.741 -£.0390 -—£.025 -0.065 988.0 55.611 0.039 -3.614 —3.658 0.0#5 
$84.0 §5.661 0.280 —3.671 -3.77% 0.103 Average = 55.572 Standard deviation = 0.025 
988.0 $5.611 0.230 -3.614 -3.737 0.123 SE 59g = 55.57 “A508 = 53.79 
Average = 55.381 Standard deviation = 0.029 
SF oog = Saa8 SB oos = 47.29 * Deleted in Analysis If 





3. Heat Capacities 
The evaluation of reported values is a relatively subjective procedure, but the analysis should be as objective as possible 


and therefore certain ground rules must be laid. The first step is the fitting by orthogonal polynomials and the computer— 


generated plotting of all information so that a general idea of the agreement can be visually obtained. if certain data sets 
differ from the majority, they are examined for possible causes of the difference. Calibration data, sample purity, and 
experimental scatter are checked. If the source of error can be located, the data are given appropriately less weight. Otherwise 


all data of equal reliability are considered equal, even if they disagree. Such data are then smoothed by a weighted orthogonal 
polynomial curvefit. Enthalpy data are smoothed similarly and heat capacities are derived directly from the differentiated 
polynomiai. The smoothing of enthalpy data requires constraining the fit so that it passes through zero at the reference 
temperature. Additional constraints are often used to fix the heat capacity at 298 K, or to join enthalpy data smoothly with 
low-temperature heat capacities. 


4. Transitions 

The evaluation of solid state transitions involves first the recognition of the type of transition, which may not always be 
obvious. A first-order transition such as fusion involves a change of enthalpy and entropy at the transition point, whereas 
second-order transitions involve only discontinuities in heat capacity. Because of impurities and other factors, all first-order 
transitions do not occur at one temperature; rather, they spread a little on either side and are sometimes difficult to distin-— 
quish from \-type second-order transitions. In order to evaluate the enthalpy of a first-order transition from heat-capacity 


data, an enthalpy change (A, - Hop ) from Ty) to T,°K must be reported on either side of the transition. The normal heat-capacity 
2 de 

curve is extended forward and backward to the temperature of the transition-heat-capacity maximum to form a base line. If T,’ and 

T,' are the temperatures at which the transitional heat capacity curve leaves and rejoins the base line, and ubl and obl designate 


under and over the base line, the heat of transition given by 


AH, = (Hy - Hp ) - (Hp - pe + (Hep = He ) an (5% - H ) 


2 1 2 ubl 1! T) obl T, Tor obl 


Figures 1 and 2 show two possible cases. The shaded areas represent the enthalpy over the base line and cross-hatched areas the 
enthalpy under the base line. 
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Many enthalpies of fusion and enthalpies of solid-state transitions are obtained from enthalpy measurements and therefore 
require different treatment. Here the heats are given directly by the difference in enthalpy at the transition temperature. 
Normally, the enthalpy above and below can be smoothly extended to the temperature of transition, although the transition tempera- 
ture may not be clearly obtainable from the enthalpy data. 

The heats of the remaining transitions, vaporization and sublimation, are evaluated from equilibrium data by the second- and 
third-law methods just described except when calorimetric measurements are available. 


5. Equilibrium 

Perhaps the most significant factors to be established in evaluating equilibrium data are that equilibrium was attained and 
that the process was properly described. For example, in a sublimation process the most accurate measurements are valueless if 
the vapor phase is not uniquely defined. If polymerization or breakdown might have occurred, the first order of business is to 
establish the exact reaction. Because mass spectroscopy has shown that vapor phases are often extremely complex, it is almost a 
requirement that before equilibrium data can be accepted the vapor phases must be examined by a mass spectrometer to ensure their 
composition. Some methods of measurement are less accurate than others and should be given less weight. For example, equilibria 
determined in a mass spectrometer are usually quite rough because many approximations and uncertainties are involved in obtaining 
an absolute pressure measurement. On the other hand, measurements of the electromotive force of reversible cells can have great 


accuracy. Once the system is defined and equilibrium data are available, the data are analyzed by the second- and third-law 
methods. 


CONSTRUCTION OF THE TABLES 


1. Solid Phase 
To produce a final table after all of the data have been evaluated or estimated, the enthalpy of formation, the entropy at 


298 K, and the heat capacity at reasonable intervals through the temperature range of interest are needed. The enthalpy is ob- 
ue 
tained from the heat capacity by evaluating eat. The entropy is similarly obtained from the heat capacity by evaluating 


Ay 298 
. = 6 . . ° ° = ° o We? * 
Foe ce The Gibbs SRO function is then obtained from the relation (Gp-HL og) /T = -Sa + (Ay Hef /T- Enthalpies of 


formation at temperatures other than 298 K require a knowledge of the enthalpies of the reference elements: 


AHE, = AHf + (A, - 4H ) - 2(H, -H 


298 298° compd 298 elements 


The Gibbs energy of formation is readily calculated from the heat of formation when the entropies of the elements are known. Thus 


AGE, = AHE - TLS,(compd) - 2S,,(elements) ] 
The logarithm of the equilibrium constant of formation is then found from the relation AGES = -4.5756T log K 

Until now, we have only considered the calculation of values above 298 K; however, it is desirable to have data all the way 
to absolute zero. The temperature 0 K is a natural base for measurements involving gases in their lowest energy state, and values 
are needed in order to convert to the thermochemical reference temperature of 298 K. There is no basic difference in evaluating 
low-temperature data, but many more heat-capacity points are needed because of the large curvature. It is also necessary to 
evaluate the starting entropy at some temperature above O K because data rarely extend to below 5 K. In order to evaluate 
enthalpy it is necessary to start with a value above zero and integrate up to 298 K; then the value at 298 K is subtracted from 
the intermediate values, giving negative values below 298 K. 

The tables extend to well above the normal melting point to facilitate the use of the tables by computers which can then 
interpolate values accurately right at the melting point. Dotted and solid lines indicate the end of the phase stability and 


solid-state transitions respectively. 


2. Liquid Phase 
The construction is identical with that used for the solid phase; however, the required data at 298 K are not usually readily 


° 


2398 
and Soas° The correct starting values are then determined by comparing the values from the tables of crystal and liquid, using 


available. The data are obtained by calculating a preliminary table using the chosen heat capacities with zero values for AHf 


the following equations: 


AHm® = AHF, (4) - AHEL Cc) y 
o _ AHm® = ° ° 
ASm" = “a = Sim! & = Sam6o? 


The correct values at 298 K may be obtained from the above relations. A typical liquid table is extrapolated both below the 


melting point and above the boiling point to facilitate interpolation near the phase boundaries. 


3. Gas Phase 
The data required for the various types of molecules are summarized below. The equations used are given in the section on 


Calculational Methods. All molecules require the gram formula mass and enthalpy of formation at 298 K. 


Additionally, monatomic species require: Eg» Eyre- EQ and Boo By--- By 
Diatomic species require: Bo> Fy Xo» Sr Gar Exo Bs (at SF ORE Ga iy 
Linear polyatomic species require: Bo> J, @; (2 = ocao SNES). Es) 8s GES =NOlsiarere 1D, 
Nonlinear polyatomic species require: a, log Tatgto> @; (st = Gnooo SkEE 5 Es By (GES Oncag my 


es is the energy of the i th electronic level 


Bs is the statistical weight of the i th electronic level 
Be is the rotational constant 

o is the symmetry number 

Xe is the anharmonicity correction = @%_/%, 

Oe is the fundamental frequency of a diatomic molecule 

@; is a fundamental frequency of a polyatomic molecule 

a, is the rotational vibrational interaction constant 

N is the number of atoms in the molecule 


Tatgtc is the product of the moments of inertia 
Monatomic species often have a large number of electronic levels; it is usual to average the higher levels taking account of the 
individual multiplicities. Diatomic and polyatomic species sometimes have several excited states which are low enough to make 
appreciable contributions. These states are treated by direct summation over the individual partition functions using anharmonic- 
oscillator approximations for each state. If vibrational and rotational constants for the higher states are not available the 


calculations are simplified by assuming the ground state values for each state. 


4. Multiphase Tables 
Tables which show only values for the real phases at one atmosphere pressure are multiphase tables. In this compilation they 


are generally reference state tables, though some solid phase tables include more than one phase. Multiphase tables can always be 
recognized by the presence of solid lines, indicating phase transitions, on the table. They are prepared in a manner similar 

to tables for condensed phases. The functions are evaluated in the same manner as for a solid up to the first transition point; 
then the heat and entropy of transition are added and the integration is continued using the second-phase heat capacities. At 


each phase boundary the above process is repeated. 


USE OF TABLES 


The rapid proliferation of thermodynamic tabulations in recent years brings with it the possibility of serious abuse of the 
information in them. First, as we explained earlier, not all tabulations are based on the same reference states. To avoid this 
pitfall it is helpful to write down the reaction and check the value and state of each component. It is even better to utilize 
only a single compilation whenever possible, because values from different compilations may not be consistent or compatible. 
Second, the base temperatures of compilations differ between 0 and 298 K. Only enthalpies and Gibbs-energy functions are 
affected, but they can result in serious errors if used indiscriminately. 

A different type of error is caused by misunderstanding the significance of negative Gibbs-energy changes. For example, many 
species in the JANAF Thermochemical Tables have large negative Gibbs energies of formation at 6000 K. This does not necessarily 
imply that the species are stable, but only that the Gibbs-energy change from the elemental reference state is negative. In fact, 
nearly all the elements are monatomic gases at 6000 K, and the reference states are generally unstable with respect to the atoms. 


Similarly, a negative Gibbs-energy change does not mean a reaction will occur, but means only that the reaction is favorable as 


written. For example, at 298 K 


Cat 0. SeCOMry 1/72, 0, AGo gg = -32.8 kcal/mole 


However, at normal pressures this reaction would generally be recognized as unlikely in view of 


Cat 0, > co, A659 = -94.3 kcal/mole 


Similarly, in combining free energies of reaction, one should be careful not to combine impossible reactions with possible 


ones to obtain an over-all favorability: 


WO sr gl 2° (0) -15.6 kcal/mole 


2 Dis CoH, + 2C0 AG 


This equation is impossible because we cannot combine the reactions 


AG ae Wl ae Osa AG +50.0 kcal/mole 


2 Dee. 


2C t+. OF i> 9 2'CO AG -65.5 kcal/mole 


2 


by simple addition. Both reactions must be written so that they are possible. They then become 


C,H, a 2iC at Hy AG = -50.0 kcal/mole 

AG ae 0, > 2C0 AG = -65.6 kcal/mole 
Then by simple addition 

CoH, + 0, + 2C0 + Hy AG = -115.6 kcal/mole 


Although these tables have been continuously revised it is not possible to keep all the tables fully revised with the latest data. 
Thus, each table indicates the dates of each revision at the foot of the tabular values. The latest date is most important since 
information generated after that date has not been incorporated. The frequency of revisions often indicates the level of research 


activity on the compound and may indicate further changes in the future. 





CRAT CU TETAS TT TOON ALI MoE EI BeORDES 


The presentation of Mayer and Mayer "Statistical Mechanics", John Wiley & Sons, Inc., New York, (1940) forms 
the basis for the expressions given below for the ideal gas state. The calculations have been carried out by a 


Burroughs B5500 electronic computer. 


lee Ideal Monatomic gas 


(a) Translation 


(H°-H8)/T = C.* = 4.967913 cal dept mols. 
-(G°-H3)/T = 6.863426 log M + 11.439043 log T - 7.282868 cal Aa? Gel 
S° = 6.863426 log M + 11.439043 log T - 2.314954 cal deg + mo1-. 
(b) Electronic 
1.438790 c. 1.438790 c. - 
ee ere Drger ee 
c* = Hl1366H e;8ie Z ¥ e;85¢ a Ah eoaed iat 
pT a » 1.438790 €; s 1.438790 ©, gergee 2 
ge ay ge at 
1.438790 ec. 
> . Be 
afte T 
ee _ 2.859114 &;8ie = =I 
(H -H5)/T = T 5 1.438790 oe cal deg mol. 
g.e Je 
1.438790 ec. 
-(G -H9)/T = 4.575617 log ge T cal deg mol. 
1.438790 ec. 
> se —_— 1.438790 ©, 
o _ 2.859114 if > Se =n i) 
S” = fara na a ee ae 1.838790 a + 4.575617 log ge ay cal deg mol ~. 
ge Ab 
II. Ideal Diatomic Gas 
(a) Translation and Rotation 
C,° = 8.955079 + 0.091148 (B/T)? cal deg? moi7!. 


1 -1 


(H°-HO)/T = 6.955079 - 0.953038 (B/T) - 0.0914148 (B/T)? cal deg ~~ mol. 


-(G°-H5)/T = 6.863426 log M + 11.439043 log T - 4.575617 log (Bo/T) + 0.953038 (B/T) 


1 =i 


+ 0.0457074 (B/T)? - 8.005804 cal deg mol. 


S° = 6.863426 log M + 11.439043 log T - 4.575617 log (Bo/T) - 0.0457074 (B/T)? - 1.050725 


cal deg + mol! , 


where B = (B-a,/2) when spectroscopic constants are available. 
-39 


B= PEDSBOT SIX Ons when calculated from a molecular model, (I in g em?) 


I 


(b) Vibration 


Spi 9e7tes woestsGlees")- cal deg + moda. 


(H-H8)/T = 1.987165 ue “/(1-e™") cal deg mol’. 


-(G6°-H})/T = -4.575617 log Glen bent deg? mol~?. 


Pmol -. 


S° = 1.987165 ue “/(1-e “") - 4.575617 log (l-e ") cal deg 
where u = (1.438790/T) - (a,-20,x,) when spectroscopic constants are available. 


(1.438790/T) ow where is the fundamental wave number of a harmonic oscillator. 


u 


(ec) Electronic 


Same as I(b) when the i th-state vibrational partition function, a and the i th-state rotational partition 
function, Qn are equal to the respective ground state partition functions. In this case the partition function Q = 
OOO, rz On otherwise all the thermodynamic functions are derived from Q = Qo Cor Chel where Q, is the translational 

at mL 


partition function and Qo = g,exp(e,/kT). 


(d) Anharmonicity Corrections 


2 .u 72 iv u 2) AL 
Cc ° = 1.987615 — ee “= e = + uve ae - Hs =O .. =: e ; pan den wate. 
P Cer = 2) Ger = al) Cue) 
u 2D ib 
(H°-Hg)/T = 1.987165 | 2% + a + Hue eal deg + moi. 
(Ce - 1) Geis 15) 
-(6°-H8)/T = 1.987165 [2% + —S_— 4 —2ku__ | oa aeg™+ moi"? 
(e° - 1) Cenmee—anly) 
u 2 
S° = 1.987165 +8 + ——— + ee + Saar! call depas amolmoe 
Gem—ael) (er = A)) (e° - 1) 
where u is (w -2w_ x_) + 1.438790/T 
e eS 
xX = (ax), 5 6 Ss a/B.3 v= B/o,: 


III. Linear Polyatomic Molecule 


(a) Translation and rotation same as for II (a). 
(b) Vibration same as II (b) for 3N-5 vibrational degrees of freedom. 
(ce) Electronic same as II (c) where levels and quantum weight are known. 


(d) Anharmonic corrections neglected. 


IV. Nonlinear Polyatomic Molecule (Rigid Rotator, Harmonic Oscillator). 


(a) Translation and Rotation 


ib =i 


C = 7.948662 cal deg mol. 


(H°-H9)/T = 7.948662 cal deg + won’. 


-(G°-H5)/T = 6.863426 log M + 18.302469 log T - 4.575617 log o + 2.287809 log I,I,I, x pe! 
iL =i 


- 10.297926 cal deg ~ mol 
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S° = 6.863426 log M + 18.302469 log T - 4.575617 log o + 2.287809 log I x 10 


— 2.349265 cal deg mole 


AlBiC 


(b) Vibration same as II (b) for 3N-6 vibrational degrees of freedom. 
(c) Electronic same as II (c) where levels and quantum weight are known. 


(d) Anharmonic corrections neglected. 


V. Condensed States 

Evaluation of thermodynamic data for condensed states rests upon either measured or estimated information. 
Heat-capacity data are plotted, smoothed, and data for calculations read back at regular temperature intervals. 
Integration of this smoothed heat capacity data is carried out with the relations 


as ab 


Hy - Hp = eo ahi S° = 


t ~ Ho9g.15 D or 
298.15 0 


elie) 


by machine, three points at a time. The computer calculates the constants for a parabolic equation through the 
three points, and employs the constants to integrate the first temperature interval. The lowest point is discarded; 
the next higher point is combined with the two retained points; and a new set of parabolic constants calculated 
and used for integrating the next higher temperature interval. This recurrent procedure is well suited to this 
type of calculation. At the appropriate temperatures, transition enthalpies are added to the enthalpy total, while 


the quotient of the transition enthalpy divided by the absolute temperature is added to the entropy total. 


= Oo — 
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NOTES 


Indexing 

The modified Hill indexing system, J. Am. Chem. Soc. 22, 478-94 (1900), for Chemical Compounds as used by Chemical 
Abstracts and the Classification Division of the U. S. Patent Office is used to index the chemical compounds in this data 
collection. The arrangement of atomic symbols in chemical formulas is alphabetical except for carbon compounds. Thus, the 
indexing of chemical compounds is as follows: Ac (actinium compounds), Ag (silver compounds), Al (aluminum compounds) , 

Am (americium compounds), Ar (argon), As (arsenic compounds), Au (gold compounds), B (boron compounds), Ba (barium compounds) , 
Be (beryllium compounds), and so on throughout the alphabet. Once the correct order of the elements in the formula is 
deduced, the location of a compound within the group is easily accomplished. This obviates the need for pagination, and 

the index page indicates the correct order. 

Organic (carbon) compounds represent a gigantic group, so that for convenience this one class of compounds presents the 
exceptions to the alphabetical rule. In carbon compounds the C always comes first, followed immediately by H if hydrogen is 
present, and then followed by any other elements present in their normal alphabetical order. The number of atoms of the 
element indexed first also influences the order of indexing the compound; e.g., all formulas with C (one carbon atom only) 
come before those with Cy (two carbon atoms), followed by C, compounds, and so on. Thus: CHBF,,0 (formyl fluoride, compound 
with BF), CHCl, (chloroform) , CH,F,P (trifluoromethylphosphine) , CH,NO, (methyl nitrate), CH, C1,Si (dichloromethylsilane), 


je &) Sr 


CH, oN ,03 (hydrazine carbonate), CO (carbon monoxide), co, (carbon dioxide), CO, Zn (zine carbonate), CZr (zirconium carbide) , 
C,Ba (barium acetylide), C,BrclF, (bromochlorodifluoroethylene) , C,Ca (calcium carbide), and so on. See any formula index 


of Chemical Abstracts for further details and examples. 


Selection of Enthalpy Reference Temperature 
Since no enthalpy measurements can be made in the sense of an absolute quantity, and since all enthalpy measurements 


are made as a difference between an initial and a final state, it is necessary to select the thermodynamic state to which all 
other thermodynamic states will be referred. For these tables, the thermodynamic state selected is chosen as the state at 
one atmosphere total pressure tabulated at 298.15 K. Note that the temperature 298 K listed in the table actually refers to 
298.15 K., but decimals have been omitted in the temperature column. Usage in theoretical work indicates the selection of 
the state existing at absolute zero, which is a hypothetical state that is even approached by relatively few measurements. 
Values of the difference in heat between 298.15 and O K will permit theoretical workers to use these tables, so it was 
decided to tabulate values at 0 K. Modern usage of thermodynamic data sometimes requires application to conditions below 


ambient, so the decision was made to tabulate values at 0, 100, and 200 K where the information is available. 


Limitations of Calculated Quantities 


Calculation of the contributions of rotation and translation involves the use of quantum statistics, but to obtain a 
numerical solution the quantum statistics are usually replaced by classical statistics at temperatures above about 100 K. 
Attempts to employ these methods below 100 K lead into a temperature range where the approximation afforded by classical 
statistics no longer holds. For this reason the equations presented under "Calculational Methods" fail in the vicinity of 
O K. In agreement with the third law concept, C° and S° are zero at 0 K. For a reference element, log ao is zero at 0 K, 


while for compounds the absolute values of the free energy function and log KS become infinite at 0 K. 


Reference State of an Element 

A related set of thermodynamic property tables requires that there be a reference table of the thermodynamic properties 
for each element to which all other forms of that element or any compound involving that element may be referred. If the 
temperature range of interest (6000 K here) can be represented by a single phase for that material (say hydrogen) the 
tabulated values in the reference table will be smooth and regular. If the temperature range of interest includes more than 
one phase (say magnesium) there will be a solid phase (from 0 to 922 K, the melting point), a liquid phase (922 to 1378 K, 
where the vapor pressure reaches one atmosphere), and a gas phase (1378 to 6000 K), the tabulated values in the reference 
table will be discontinuous at these phase boundaries. Practical usage dictates that in so far as possible the phase most 
stable at one atmosphere pressure (that is, the form most easily worked with) be selected. This practice is followed in 
these tables, and does lead to discontinuities in the thermodynamic functions. Attention is called to these discontinuities 
in the polyphase reference-state tables by insertion of a solid line at the temperature of a phase transition. The phase 
transitions considered are: first-order solid-state transformations from one crystal type to some other, solid to liquid, 


and solid or liquid to gas at one atmosphere. 


Single-Phase Table 

It is expected that these tables will be employed on various problems solved by automatic machine computation. Such 
calculations are carried out in numerous ways, and vary from one installation to another. Programs to perform these 
calculations are simplified if the thermodynamic functions are smooth and extend beyond the actual range of use permitting 
a wide latitude in iterative procedures. For this reason, most tables other than elemental reference states are tabulated 
as single-phase tables. Thus, tables for the solid state are extrapolated well past the melting point; those for the 
liquid state are extrapolated below the melting point (into the supercooled-liquid range to 298.15 K) and well above the 
atmospheric boiling point, while gas tables are tabulated from 0 K to 6000 K. Care has been taken to preserve the correct 
free energy relationships between the extrapolated-phase functions and the functions of the real phase. Attention is called 
to these extrapolations by insertion of a dotted line at the temperature where the indicated phase meets an adjacent more 
stable phase, but for reasons mentioned above the indicated phase is extrapolated into a temperature range where it is 
thermodynamically unstable. 
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NOTES 


Mole 
With each table and text there is listed either the atomic, molecular, or gram formula mass. It is generally 
understood that this mass in grams refers to Avogadro's number of atoms or molecules, and will be referred to simply as a 


"mole". 


. 


Point Groups and Ground-State Configurations 


Throughout these tables the nomenclature and definition of the ground-state configurations and point groups are those 
in use by C. E. Moore, U. S. National Bureau of Standards Circular 467, (1949), and G. Herzberg, "Molecular Spectra and 
Molecular Structure, I. Spectra of Diatomic Molecules", D. Van Nostrand Co., New York, (1950), and "Molecular Spectra and 


Molecular Structure, II. Infrared and Raman Spectra", D. Van Nostrand Co., New York, (1945). 


Decimal Places 
Three decimal places have been arbitrarily carried in the tables even though in numerous cases the data do not warrant 
this accuracy. This has been done to preserve the proper relationship of the thermodynamic functions, and to facilitate 


machine interpolation of these values. 


Higher Electronic Terms 
A single electronic term of 30,000 emt and above contributes a negligible amount to the thermodynamic functions at 


temperatures of 6000 K and below. On the other hand, a number. of such terms cannot be neglected. In these cases, the 


number of terms and their values have been summed and their contribution included. 


Estimated Vibrational Frequencies 
Some vibrational frequencies have been estimated by analogy with related molecules. Occasionally, more than one 


frequency has been averaged at the same value. This is not to be confused with a true degeneracy which is indicated by 
placing the degeneracy value in parentheses following the frequency. However, when the information has been taken from 


another compilation, the degeneracies indicated by the compiler have been retained. 


Quantum Weight 


The term quantum weight is also referred to as statistical weight by many authors. The quantity is the product of 


the spin multiplicity and state degeneracy of the electronic level under consideration. 


Isotope Effects 
The functions calculated for gases from molecular constants are, in general, obtained from constants which have been 


corrected to the natural isotopic abundance. 
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Order Table Title Order Table Title 

Al Aluminum (ref. st.) All, Aluminum Triiodide (2) 

Al Aluminum (c) All, Aluminum Triiodide (g) 

Al Aluminum (2) A1Li0, Lithium Aluminate (c) 

Al Aluminum, Monatomic (g) A1Li0, Lithium Aluminate (2) 

Al* Aluminum Unipositive Ion (g) A1N Aluminum Nitride (c) 

A1BO, Aluminum Boron Dioxide (g) A1N Aluminum Nitride (g) 

AlBr Aluminum Monobromide (g) AlNa0, Sodium Aluminate (c) 

AlBr,, Aluminum Tribromide (c) Baan Aluminum Monoxide (g) 

AlBr, Aluminum Tribromide (2) Al10O Aluminum Monoxide Unipositive Ion (g) 
AlBr, Aluminum Tribromide (g) Al0, Aluminum Dioxide (g) 

A1C1 Aluminum Monochloride (g) Al0, Aluminum Dioxide Uninegative Ion (g) 
Alci1* Aluminum Monochloride Unipositive Ion (g) Als Aluminum Sulfide (g) 

A1C1F Aluminum Chlorofluoride (g) Al,Be0,, Beryllium Aluminate (c) 

A1C1F, Aluminum Chlorodifluoride (g) Al Br, Aluminum Tribromide, Dimeric (g) 
A1C10 Aluminum Oxychloride (c) AlCl, Aluminum Trichloride, Dimer (g) 
A1C10 Aluminum Oxychloride (g) A1,C1,K, Potassium Nonachloroaluminate (c) 
aoe _ Aluminum Dichloride (g) Al,F, Aluminum Trifluoride, Dimer (g) 
AlCl, Aluminum Dichloride Unipositive Ion (g) Aljt, Aluminum Triiodide, Dimeric (g) 
AlCl, Aluminum Dichloride Uninegative Ion (g) Al,Mg0, Magnesium Aluminate (c) 

A1C1,F Aluminum Dichlorofluoride (g) song Aluminum Suboxide (g) 

AlCl, Aluminum Trichloride (c) Al,0 Dialuminum Monoxide Unipositive Ion (g) 
AlCl, Aluminum Trichloride (2) See on Aluminum Monoxide, Dimeric (g) 
AlCl, Aluminum Trichloride (g) Al,0, Dialuminum Dioxide Unipositive Ion (g) 
A1C1,K Potassium Tetrachloroaluminate (c) Al,0, Aluminum Oxide (c, alpha) 

A1C1,Na Sodium Tetrachloroaluminate (c) Al,03 Aluminum Oxide (c, gamma) 

A1C1,K, Tripotassium Hexachloroaluminate (c) A1l,0, Aluminum Oxide (2) 

AlCl Na, Trisodium Hexachloroaluminate (c) A1,0,Si Sillimanite (c) 

AlF Aluminum Monofluoride (g) A1,0,Si Andalusite (c) 

ALF* Aluminum Monofluoride Unipositive Ion (g) A1,0,Si Kyanite (c) 

A1FO Aluminum Oxyfluoride (g) A1,0, Si, Mullite (c) 

m2, Aluminum Difluoride (g) 

AlF, Aluminum Difluoride Unipositive Ion (g) B Boron (ref. st.) 

AlF, , Aluminum Difluoride Uninegative Ion (g) B Boron, Beta~Rhombohedral (c) 

AlF, Aluminum Trifluoride (c) B Boron (4) 

AlF, Aluminum Trifluoride (g) ie Boron, Monatomic (g) 

ALF, Li Lithium Tetrafluoroaluminate (g) B Boron Unipositive Ion (g) 

A1F,Na Sodium Tetrafluoroaluminate (g) BBeO. Beryllium Boron Dioxide (g) 
A1lF,K, Tripotassium Hexafluoroaluminate (c) BBr Boron Monobromide (g) 

A1F,Li, Trilithium Hexafluoroaluminate (c) BBrCl Boron Bromide Chloride (g) 
ALF,Li, Trilithium Hexafluoroaluminate (2) BBrCl, Boron Bromide Dichloride (g) 
A1F.Na, Cryolite (c) BBrF Boron Bromide Fluoride (g) 
A1F,.Na, Cryolite (2) BBrF, Boron Bromide Difluoride (g) 

AlH Aluminum Monohydride (g) BBro Boron Oxide Bromide (g) 

A1HO Aluminum Monoxyhydride (g) BBr,, Boron Dibromide (g) 

A1HO Aluminum Monohydroxide (g) BBrCl Boron Dibromide Chloride (g) 
AlHo* Aluminum Monohydroxide Unipositive Ion (g) BBrF Boron Dibromide Fluoride (g) 
A1HO- Aluminum Monohydroxide Uninegative Ion (g) BBroH Boron Dibromide Hydride (g) 

AlHO, Aluminum Dioxyhydride (g) BBr, Boron Tribromide (2) 

ALH, Li Lithium Aluminum Hydride (c) BBr, Boron Tribromide (g) 

All Aluminum Monoiodide (g) BCl Boron Monochloride (g) 

All, Aluminum Triiodide (c) BCl Boron Monochloride Unipositive Ion (g) 
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Table Title 
Boron Chloride Fluoride (g) 
Boron Chloride Difluoride (g) 
Boron Oxide Chloride (g) 
Boron Dichloride (g) 
Boron Dichloride Unipositive Ion (g) 
Boron Dichloride Uninegative Ion (g) 
Boron Dichloride Fluoride (g) 
Boron Dichloride Hydride (g) 
Boron Trichloride (g) 
Boron Monofluoride (g) 
Boron Oxide Fluoride (g) 
Boron Difluoride (g) 
Boron Difluoride Unipositive Ion (g) 
Boron Difluoride Uninegative Ion (g) 
Difluoroborane (g) 
Boron Hydroxide Difluoride (g) 
Boron Oxide Difluoride (g) 
Boron Trifluoride (g) 
Potassium Tetrafluoroborate (c) 
Potassium Tetrafluoroborate (2) 
Potassium Tetrafluoroborate (g) 
Boron Monohydride (g) 
Boron Oxide Hydride (g) 
Boron Oxide Hydride Unipositive Ion (g) 
Metaboric Acid (c) 
Metaboric Acid (g) 
Boron Dihydride (g) 
Boron Dihydroxide (g) 
Boron Trihydride (g) 
Boric Acid (c) 
Boric Acid (g) 
Potassium Tetrahydroborate (c) 
Lithium Tetrahydroborate (c) 
Sodium Tetrahydroborate (c) 
Boron Iodide (g) 
Boron Diiodide (g) 
Boron Triiodide (g) 
Lithium Metaborate (c) 
Lithium Metaborate (2) 
Lithium Metaborate (g) 
Boron Nitride (c) 
Boron Nitride (g) 
Sodium Metaborate (c) 
Sodium Metaborate (2) 
Sodium Metaborate (g) 
Boron Monoxide (g) 
Boron Dioxide (g) 
Boron Dioxide Uninegative Ion (g) 
Boron Monosulfide (g) 


Titanium Monoboride (c) 
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Table Title 
Boron, Diatomic (g) 
Beryllium Diborate (g) 
Triberyllium Diborate (c) 
Boron Dichloride, Dimeric (g) 
Boron Difluoride, Dimeric (g) 
Boron Dihydroxide, Dimeric (c) 
Boron Dihydroxide, Dimeric (g)} 
Diborane (g) 
Magnesium Diboride (c) 
Diboron Monoxide (g) 
Boron Monoxide, Dimeric (g) 
Boron Oxide (c) 
Boron Oxide (2) 
Boron Oxide (g) 
Lead Diborate (c) 
Titanium Diboride (c) 
Titanium Diboride (2) 
Zirconium Diboride (c) 


Zirconium Diboride (2) 


Boron Oxide Chloride, Trimeric (g) 
Monofluoroboroxin (g) 
Difluoroboroxin (g) 

Boron Oxide Fluoride, Trimeric (c) 
Boron Oxide Fluoride, Trimeric (g) 
Boroxin (c) 

Boroxin (g) 

Metaboric Acid, Trimeric (g) 


Borazine (g) 


Dipotassium Tetraboron Heptaoxide (c) 


Dipotassium Tetraboron Heptaoxide (2) 


Dilithium Tetraborate (c) 
Dilithium Tetraborate (2) 
Magnesium Tetraboride (c) 
Disodium Tetraborate (c) 
Disodium Tetraborate (2) 
Lead Tetraborate (c) 
Pentaborane (2) 
Pentaborane (g) 
Dipotassium Hexaborate (c) 
Dilithium Hexaborate (c) 
Disodium Hexaborate (c) 
Lead Hexaborate (c) 
Dipotassium Octaborate (c) 
Dipotassium Octaborate (2) 
Dilithium Octaborate (c) 
Decaborane (c) 

Decaborane (2) 


Decaborane (g) 
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Table Title 


Dilead Decaboraite (c) 


Berylliun 
Beryllium 
Beryllium 
Beryllium 
Berylliun 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Berylliun 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 


(ref. st.) 

(c) 

(2) 

(Cg) 

Unipositive Ion (g) 
Monobromide (g) 
Dibromide (c) 
Dibromide (£) 
Dibromide -(g) 
Monochloride (g) 
Monochloride Unipositive Ion (g) 
Chloride Fluoride (g) 
Dichloride (c,a) 
Dichloride (c,§8) 
Dichloride (2) 
Dichloride (g) 
Monofluoride (g) 
Difluoride (c) 
Difliuoride (2) 
Difluoride (g) 


Lithium Trifluoroberyllate (c) 


Lithium Beryllium Fluoride (g) 


Dilithiun 
Dilithiun 
Beryllium 
Berylliun 
Beryllium 
Beryllium 
Beryilium 
Beryliiun 
Beryllium 
Beryllium 
Berylliun 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Beryiliun 
Beryllium 
Beryllium 
Beryllium 
Beryllium 
Dilithiun 


Tetrafluoroberylilate (c) 
Tetrafluoroberyllate (£) 
Monohydride (g) 

Monohydride Unipositive Ion (g) 
Monohydroxide (g) 


Monohydroxide Unipositive Ion (g) 


Dihydride (g) 
Hydroxide (c,a) 
Hydroxide (c, 8) 
Hydroxide (g) 
Monoiodide (g) 
Diiodide (c) 
Diiodide (£) 
Diiodide (g) 
Nitride (g) 
Oxide (c) 

Oxide (£) 

Oxide (g) 
Sulfate (c,a) 
Sulfate (c,s) 
Sulfate (c,y) 
Tungstate (c) 
Dichioride, Dimeric (g) 


Oxide Difluoride (g) 


Diberyllium Oxide (g) 


Beryllium 
Berylliun 


Oxide, Dimeric (g) 


Orthosilicate (ce) 


= ae 


Table Title 
Beryllium Nitride (c,a) 
Beryllium Nitride (2) 
Beryllium Oxide, Trimeric (g) 
Beryllium Oxide, Tetrameric (g) 
Beryliium Oxide, Pentameric (g) 


Beryllium Oxide, Hexameric (g) 


Bromine, Monatomic (g) 
Bromine Monochloride (g) 
Bromine Monofluoride (g) 
Bromine Trifluoride (g) 
Bromine Pentafluoride (g) 
Hydrogen Bromide (g) 
Ammonium Bromide (c) 
Mercurous Bromide (g) 
Iodine Monobromide (g) 
Potassium Bromide (c) 
Potassium Bromide (2) 
Potassium Bromide (g) 
Lithium Bromide (c) 
Lithium Bromide (2) 
Lithium Bromide (g) 
Magnesium Monobromide (g) 
Nitrogen Bromide (g) 
Nitrosyl Bromide (g) 
Sodium Bromide (c) 
Sodium Bromide (2) 

Sodium Bromide (g) 
Phosphorus Monobromide (g) 
Lead Monobromide (g) 
Titanium Monobromide (g) 
Tungsten Monobromide (g) 


Zirconium Monobromide (g) 


Bromine (ref. st.) 

Bromine (£) 

Bromine, Diatomic (g) 

Tron Dibromide (c) 

Tron Dibromide (£) 

Iron Dibromide (g) 

Mercuric Bromide (c) 
Mercuric Bromide (2) 
Mercuric Bromide (g) 
Mercurous Bromide (c) 
Potassium Bromide, Dimeric (g) 
Lithium Bromide, Dimeric (g) 
Magnesium Dibromide (c) 
Magnesium Dibromide (2) 
Magnesium Dibromide (g) 
Sodium Bromide, Dimeric (g) 


Lead Dibromide (c) 


Filing Filing 


Order ‘ Table Title Order Table Title 
Br Pb Lead Dibromide (2) CE Carbon Monofluoride (g) 
Br,Pb Lead Dibromide (g) CFN Cyanogen Fluoride (g) 
Br Ti Titanium Dibromide (c) CFO Carbonyl Monofluoride (g) 
Br Ti Titanium Dibromide (g) CF, Carbon Difluoride (g) 
Br, Zr Zirconium Dibromide (c) CF,0 Carbonyl Fluoride (g) 
Br,Zr Zirconium Dibromide (¢) CF, Trifluoromethyl (g) 
Br, Zr Zirconium Dibromide (g) CFI Trifluoroiodomethane (g) 
Br,0P Phosphoryl Bromide (g) CF, Carbon Tetrafluoride (g) 
BrP Phosphorus Tribromide (g) CFO Trifluoromethyl Hypofluorite (g) 
BrPs Thiophosphoryl Bromide (g) CH Methylidyne (g) 
Br,Ti Titanium Tribromide (c) CHC1 Monochloromethylene (g) 
Br,Ti Titanium Tribromide (g) CHC1F, Chlorodifluoromethane (¢g) 
Br,Zr Zirconium Tribromide (c) CHC1AF Dichlorofluoromethane (g) 
Br Zr Zirconium Tribromide (g) CHC1, Chloroform (g) 
Br, Fe, Iron Dibromide, Dimeric (g) CHF Monofluoromethylene (g) 
Br,,Pb Lead Tetrabromide (g) CHFO Formyl Fluoride (g) 
Br, Ti Titanium Tetrabromide (c) CHF, Trifluoromethane (g) 
Br, Ti Titanium Tetrabromide (2) CHN Hydrogen Cyanide (g) 
Br,,Ti Titanium Tetrabromide (g) CHNO Hydrogen Isocyanate (g) 
Br, Zr Zirconium Tetrabromide (c) en Formyl (g) 
Br, Zr Zirconium Tetrabromide (g) CHO Formyl Unipositive Ion (g) 
Br.W Tungsten Pentabromide (c) CHP Methinophosphide (g) 
Br W Tungsten Pentabromide (2) 
Br.W Tungsten Pentabromide (g) CH, Methylene (g) 
Br,W Tungsten Hexabromide (c) CH, C1F Chlorofluoromethane (g) 
Br ,W Tungsten Hexabromide (g) CH, Cl» Dichloromethane (g) 
CHAF, Difluoromethane (g) 

Carbon (ref. st., Graphite) CH,0 Formaldehyde (g) 
Cc Carbon, Monatomic (g) CH, Methyl (g) 

Carbon Uninegative Ion (g) CH,C1 Methyl Chloride (g) 
CAL Aluminum Carbide (g) CH3C1,Si Trichloromethylsilane (g) 
CB Boron Carbide (g) CHF Fluoromethane (g) 
CB, Boron Carbide (c) CH3F,Si Trifluoromethylsilane (g) 
CB, Boron Carbide (2) CH, Methane (g) 
CBe, Beryllium Carbide (c) CIN Cyanogen Iodide (g) 
cBe, Beryllium Carbide (2) CKN Potassium Cyanide (c) 
CBr Carbon Monobromide (g) CKN Potassium Cyanide (2) 
cBrF, Bromotrifluoromethane (g) CKN Potassium Cyanide (g) 
CBrN Cyanogen Bromide (g) CK,0, Potassium Carbonate (c) 
CBr, Carbon Tetrabromide (g) CK,03 Potassium Carbonate (2) 
ccl Carbon Monochloride (g) CLi,0, Lithium Carbonate (c) 
CC1FO Carbonyl Chlorofluoride (g) CLi,0, Lithium Carbonate (2) 
cclF, Chlorotrifluoromethane (g) CMg0, Magnesium Carbonate (c) 
CC1N Cyanogen Chloride (g) CN Cyano (g) 
cc10 Carbonyl Monochloride (g) cn* Cyano Unipositive Ion (g) 
CCl, Carbon Dichloride (g) CN” Cyano Uninegative Ion (g) 
CC1AF, Dichlorodifluoromethane (g) CNNa Sodium Cyanide (c) 
ccl,0 Carbonyl Chloride (g) CNNa Sodium Cyanide (2) 
ccl, Trichloromethyl (g) CNNa Sodium Cyanide (g) 
CC1,F Trichlorofluoromethane (g) CN, CNN Radical (g) 
ccl, Carbon Tetrachloride (g) CN. NCN Radical (g) 
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Table Title 
Sodium Carbonate (c) 
Sodium Carbonate (2£) 
Carbon Monoxide (g) 
Carbon Oxysulfide (g) 
Carbon Dioxide (g) 
Carbon Dioxide Uninegative Ion (g) 
Carbon Phosphide (g) 
Carbon Monosulfide (g) 
Carbon Disulfide (g) 
Silicon Carbide (c,qa) 


Silicon Carbide (c,B) 


Silicon Carbide (g) 
Disilicon Carbide (g) 
Titanium Carbide (c) 
Titanium Carbide (£) 
Zirconium Carbide (c) 
Zirconium Carbide (2) 
Carbon, Diatomic (g) 
Dimeric Carbon Uninegative Ion (g) 
Beryllium Carbide (g) 
Dichloroacetylene (g) 
Tetrachloroethylene (g) 
Hexachloroethane (g) 
Difluoroacetylene (g) 
Trifluoroacetonitrile (g) 
Tetrafluoroethylene (g) 
Hexafluoroethane (g) 

CCH Radical (g) 
Chloroacetylene (g) 
Monofluorocetylene (g) 
Acetylene (g) 

Ethylene (g) 

Ethylene Oxide (g) 
Potassium Cyanide, Dimeric (g) 
Lithium Carbide (c) 
Magnesium Carbide (c) 

CNC Radical (g) 

Cyanogen (g) 

Sodium Cyanide, Dimeric (g) 
CCO Radical (g) 

Silicon Dicarbide (g) 
Carbon, Trimeric (g) 
Aluminum Carbide (c) 
Magnesium Carbide (c) 
Carbon Suboxide (g) 
Carbon, Tetratomic (g) 
Tetramethylsilane (g) 
Carbon Subnitride (g) 


Carbon, Pentatomic (g) 
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Table Title 


Calcium (ref. st.) 


Calcium 


(a) 


Calcium (8) 


Calcium 


Calcium 


(2) 
(g) 


Calcium Monochloride (g) 


Calcium 


Chloride (c) 


Calcium Chloride (2) 


Calcium Chloride (g) 


Calcium Monofluoride (g) 


Calcium Difluoride (c) 


Calcium Difluoride (2£) 


Calcium Difluoride (g) 


Calcium Monohydroxide (g) 


Calcium Monohydroxide Unipositive Ion (g) 


Chlorine, Monatomic (g) 


Chlorine Unipositive Ion (g) 


Chlorine Uninegative Ion (g) 


Cesium 
Cesium 
Cesium 
Copper 
Copper 


Copper 


Monochloride (c) 
Monochloride (2) 
Monochloride (g) 
Monochloride (c) 
Monochloride (2) 


Monochloride (g) 


Chlorine Monofluoride (g) 


Lithium Chlorofluoride (g) 


Magnesium Chloride Fluoride (g) 


Perchloryl Fluoride (g) 


Phosphoryl Difluorochloride (g) 


Chlorine Trifluoride (g) 


Chlorotrifluorosilane (g) 


Chlorine Pentafluoride (g) 


Iron Monochloride (g) 


Hydrogen Chloride (g) 


Hydrogen Oxychloride (g) 


Chlorosilane (g) 
Ammonium Chloride (c) 


Ammonium Perchlorate (c) 


Mercurous Chloride (g) 


Todine 
Todine 


Todine 


Monochloride (c) 
Monochloride (2) 
Monochloride (g) 


Potassium Chloride (c) 
Potassium Chloride (2) 


Potassium Chloride (g) 


Potassium Perchlorate (c) 
Lithium Chloride (c) 
Lithium Chloride (2) 
Lithium Chloride (g) 


Lithium Oxychloride (g) 
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Table Title 
Lithium Perchlorate (c) 
Lithium Perchlorate (2) 
Magnesium Monochloride (g) 
Magnesium Monochloride Unipositive Ion (g) 
Nitrosyl Chloride (g) 
Nitryl Chloride (g) 
Sodium Chloride (c) 
Sodium Chloride (2) 
Sodium Chloride (g) 
Sodium Perchlorate (c) 
Chlorine Monoxide (g) 
Titanium Oxychloride (g) 
Chlorine Dioxide (g) 
Phosphorus Monochloride (g) 
Lead Monochloride (g) 
Silicon Monochloride (g) 
Titanium Monochloride (g) 
Tungsten Monochloride (g) 


Zirconium Monochloride (g) 


Chlorine, Diatomic (ref. st.,g) 
Cesium Monochloride, Dimeric (g) 
Copper Dichloride (c) 
Phosphoryl Fluorodichloride (g) 
Iron Dichloride (c) 

Iron Dichloride (¢) 

Iron Dichloride (g) 
Dichlorosilane (g) 

Mercuric Chloride (c) 

Mercuric Chloride (2) 

Mercurie Chloride (g) 

Mercurous Chloride (c) 
Potassium Chloride, Dimeric (g) 
Lithium Chloride, Dimeric (g) 
Magnesium Dichloride (c) 
Magnesium Dichloride (2) 
Magnesium Dichloride (g) 
Molybdenum Dioxydichloride (g) 
Sodium Chloride, Dimeric (g) 
Chlorine Monoxide (g) 

Titanium Oxydichloride (g) 
Tungsten Dioxydichloride (c) 
Tungsten Dioxydichloride (g) 
Lead Dichloride (c) 

Lead Dichloride (2) 

Lead Dichloride (g) 

Silicon Dichloride (g) 
Titanium Dichloride (c) 
Titanium Dichloride (g) 


Tungsten Dichloride (c) 


Filing 
Order 


oO 
an 
= 


OoOwwowno WN DY NY LDH 


Cl 
er 
(il 
cl 
cl 
Cl 
Cl1.Fe 

Cl.Fe 

C1,HSi 
C1,Li 
C1,0P 
Cile 

C1,PS 
C1,Si 
Ciera 
C1,Ti 
Cl Zr 
C1,2r 


Zr 
Zr 
Zr 
Cuz 
FSi 
Fe 


qian 
cl Mo. 
C1, Mo 
C1, Mo 
C1, OW 
C1, OW 
C1, OW 
C1, Pb 
(Gil Sat 
Cura 
(Cl, Spa 
(OIL Weak 
C1,W 

C1,,W 

C1, Zr 
(invA 
C1.Mo 
C1,.Mo 
C1.Mo 
Cil.!P 

C1 .W 

C1 .W 


aaanan Ff Ff FF fF fF Ff F F F FF FF FF FF Ff FT 


ie) 

pa 
a 

= 


CleFe, 
C1.Mo 
C1,.Mo 
C1.W 
C1.W 
C1.W 
C1.W 


nD DD ®D 


Seveue 


Table Title 
Tungsten Dichloride (g) 
Zirconium Dichloride (c) 
Zirconium Dichloride (2) 
Zirconium Dichloride (g) 
Copper Monochloride, Trimeric (g) 
Trichlorofluorosilane (g) 
Iron Trichloride (c) 
Iron Trichloride (2) 
Iron Trichloride (g) 
Trichlorosilane (g) 
Lithium Chloride, Trimeric (g) 
Phosphoryl Chloride (g) 
Phosphorus Trichloride (g) 
Thiophosphoryl Chloride (g) 
Silicon Trichloride (g) 
Titanium Trichloride (c) 
Titanium Trichloride (g) 
Zirconium Trichloride (c) 


Zirconium Trichloride (g) 


Magnesium Dichloride, Dimeric (g) 
Molybdenum Tetrachloride (c) 
Molybdenum Tetrachloride (2) 
Molybdenum Tetrachloride (g) 
Tungsten Oxytetrachloride (c) 
Tungsten Oxytetrachloride (2) 
Tungsten Oxytetrachloride (g) 
Lead Tetrachloride (g) 
Silicon Tetrachloride (g) 
Titanium Tetrachloride (c) 
Titanium Tetrachloride (2) 
Titanium Tetrachloride (g) 
Tungsten Tetrachloride (c) 
Tungsten Tetrachloride (g) 
Zirconium Tetrachloride (c) 
Zirconium Tetrachloride (g) 
Molybdenum Pentachloride (c) 
Molybdenum Pentachloride (2) 
Molybdenum Pentachloride (g) 
Phosphorus Pentachloride (g) 
Tungsten Pentachloride (c) 
Tungsten Pentachloride (2) 
Tungsten Pentachloride (g) 
Iron Trichloride, Dimeric (g) 
Molybdenum Hexachloride (c) 
Molybdenum Hexachloride (g) 
Tungsten Hexachloride (c,a) 
Tungsten Hexachloride (c,) 
Tungsten Hexachloride (2) 
Tungsten Hexachloride (g) 


RE. aE Oe ee, TT OI I 


Filing Filing 


Order Table Title Order Table Title 
C1, W, Tungsten Pentachloride, Dimeric (g) FK Potassium Fluoride (c) 
FK Potassium Fluoride (2) 
Co Cobalt (ref. st.) FK Potassium Fluoride (g) 
Co Cobalt (c) FLi Lithium Fluoride (c) 
Co Cobalt (4) FLi Lithium Fluoride (2) 
Co Cobalt (g) FLi Lithium Fluoride (g) 
Co” Cobalt Unipositive Ion (g) FLio Lithium Oxyfluoride (g) 
CoF, Cobalt Difluoride (c) Mg Magnesium Monofluoride (g) 
CoF, Cobalt Difluoride (2) FN Nitrogen Monofluoride (g) 
CoF, Cobalt Difluoride (g) FNO Nitrosyl Fluoride (g) 
FNO, Nitryl Fluoride (g) 
€s Cesium (ref. st.) FNO, Fluorine Nitrate (g) 
€s Cesium (c) FNa Sodium Fluoride (c) 
Cs Cesium (4) FNa Sodium Fluoride (4) 
Cs Cesium (g) FNa Sodium Fluoride (g) 
Cs* Cesium Unipositive Ion (g) FO Fluorine Monoxide (g) 
CsF Cesium Monofluoride (c) FOTi Titanium Oxyfluoride (g) 
CsF Cesium Monofluoride (4%) FO, Monofluorine Dioxide (g) 
CsF Cesium Monofluoride (g) FP Phosphorus Monofluoride (g) 
CsO Cesium Monoxide (g) FPS Phosphorus Thiofluoride (g) 
Cs, Cesium, Dimeric (g) FPb Lead Monofluoride (g) 
Cs5Fo Cesium Monofluoride, Dimeric (g) FSi Silicon Monofluoride (g) 
Cs,0 Dicesium Monoxide (g) FTi Titanium Monofluoride (g) 
FW Tungsten Monofluoride (g) 
Cu Copper (ref. st.) FZr Zirconium Monofluoride (g) 
Cu Copper (c) 
Cu Copper (2) Fy Fluorine, Diatomic (ref.st.,g) 
Cu Copper (g) FjFe Tron Difluoride (ce) 
cu* Copper Unipositive Ion (g) FjFe Iron Difluoride (2%) 
CuF Copper Monofluoride (c) Fife Iron Difluoride (g) 
CuF Copper Monofluoride (g) FLHK Potassium Bifluoride (c) 
cuF, Copper Difluoride (c) FHK Potassium Bifluoride (4) 
CuF, Copper Difluoride (2%) FLH,Si Difluorosilane (g) 
cur, Copper Difluoride (g) FoHe Mercuric Fluoride (c) 
CuH,0, Copper Dihydroxide (c) FoHE Mercuric Fluoride (£) 
cud Copper Monoxide (c) FjHg Mercuric Fluoride (g) 
Cud Copper Monoxide (g) FLHE, Mercurous Fluoride (c) 
cu0,S Copper Sulfate (c) Fox Potassium Difluoride Uninegative Ion (g) 
Cu, Copper, Diatomic (g) FLK, Potassium Fluoride, Dimeric (g) 
cu,0 Dicopper Monoxide (ce) F,Li- Lithium Difluoride Uninegative Ion (g) 
Cu,0 Dicopper Monoxide (2) FjLi, Lithium Fluoride, Dimeric (g) 
Cu,0,S Copper Oxide Sulfate (c) FoMg Magnesium Fluoride (c) 
FoMg Magnesium Fluoride (4%) 
F Fluorine, Monatomic (g) PoMg Magnesium Fluoride (g) 
F Fluorine Uninegative Ion (g) FAN Nitrogen Difluoride (g) 
FFe Iron Monofluoride (g) FON, Difluorodiazine, cis- (g) 
FH Hydrogen Fluoride (g) FAN, Difluorodiazine, trans- (g) 
FHO Hydrogen Oxyfluoride (g) FjNa- Sodium Difluoride Uninegative Ion (g) 
FH,Si Fluorosilane (g) FjNa, Sodium Fluoride, Dimeric (g) 
Fug Mercurous Fluoride (g) F,0 Oxygen Difluoride (g) 
FI Iodine Monofluoride (g) F,0s Thionyl Fluoride (g) 
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Table Title 
Silicon Oxydifluoride (g) 
Titanium Oxydifluoride (g) 
Sulfuryl Fluoride (g) 
Phosphorus Difluoride (g) 
Lead Difluoride (c) 
Lead Difluoride (2) 
Lead Difluoride (g) 
Silicon Difluoride (g) 
Titanium Difluoride (g) 
Zirconium Difluoride (c) 
Zirconium Difluoride (2) 
Zirconium Difluoride (g) 
Iron Trifluoride (c) 
Iron Trifluoride (g) 
Trifluorosilane (g) 
Lithium Fluoride, Trimeric (g) 
Nitrogen Trifluoride (g) 
Trifluoramine Oxide (g) 
Phosphoryl Fluoride (g) 
Phosphorus Trifluoride (g) 
Thiophosphoryl Fluoride (g) 
Silicon Trifluoride (g) 
Titanium Trifluoride (c) 
Titanium Trifluoride (g) 
Zirconium Trifluoride (c) 


Zirconium Trifluoride (g) 


Magnesium Difluoride, Dimeric (g) 
Molybdenum Oxytetrafluoride (g) 
Tetrafluorohydrazine (g) 
Tungsten Oxytetrafluoride (c) 
Tungsten Oxytetrafluoride (2) 
Tungsten Oxytetrafluoride (g) 
Lead Tetrafluoride (g) 

Sulfur Tetrafluoride (g) 
Silicon Tetrafluoride (g) 
Titanium Tetrafluoride (c) 
Titanium Tetrafluoride (g) 
Zirconium Tetrafluoride (c) 
Zirconium Tetrafluoride (g) 
Iodine Pentafluoride (g) 
Phosphorus Pentafluoride (g) 
Molybdenum Hexafluoride (2) 
Molybdenum Hexafluoride (g) 
Sulfur Hexafluoride (g) 
Tungsten Hexafluoride (2) 
Tungsten Hexafluoride (g) 
Iodine Heptafluoride (g) 
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Table Title 


Iron (2) 

Iron (g) 

Iron Dihydroxide (c) 
Iron Dihydroxide (g) 
Iron Trihydroxide (c) 
Iron Diiodide (c) 
Iron Diiodide (2) 
Iron Diiodide (g) 
Wustite (c) 

Iron Oxide (c) 

Iron Oxide (4) 

Iron Oxide (g) 

Iron Sulfate (c) 


Iron Diiodide, Dimeric (g) 


Hematite (c) 
Diiron Trisulfate (c) 


Magnetite (c) 


Hydrogen, Monatomic ( 
Proton (g) 

Hydrogen Uninegative 
Mercury Monohydride ( 
Hydrogen Iodide (g) 
Potassium Hydride (c) 
Potassium Hydride (g) 
Potassium Hydroxide ( 
Potassium Hydroxide ( 
Potassium Hydroxide ( 
Lithium Hydride (c) 
Lithium Hydride (2) 
Lithium Hydride (g) 
Lithium Hydroxide (c) 
Lithium Hydroxide (2) 
Lithium Hydroxide (g) 
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Magnesium Monohydride (g) 


Magnesium Monohydroxide (g) 


Magnesium Monohydroxide Unipositive Ion (g) 


Imidogen (g) 
Nitroxyl (g) 


Nitrous Acid, cis- (g) 


Nitrous Acid, trans- 
Nitric Acid (g) 
Sodium Hydride (c) 
Sodium Hydride (g) 
Sodium Hydroxide (c) 
Sodium Hydroxide (2) 
Sodium Hydroxide (g) 
Hydroxyl (g) 
Hydroxyl Unipositive 
Hydroxyl Uninegative 
Hydroperoxyl (g) 
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Order Table Title Order Table Title 
HP Phosphorus Monohydride (g) ILi Lithium Iodide (c) 
HPb Lead Monohydride (g) ILi Lithium Iodide (2) 
HS Sulfur Monohydride (g) TLi Lithium Iodide (g) 
HSi Silicon Monohydride (g) INO Nitrosyl Iodide (g) 
HZr Zirconium Hydride (g) INa Sodium Iodide (c) 

INa Sodium Iodide (2) 
Hy Hydrogen, Diatomic (ref. st., g) IPb Lead Monoiodide (g) 
H,K,0, Potassium Hydroxide, Dimeric (g) ITi Titanium Monoiodide (g) 
H,Li,0, Lithium Hydroxide, Dimeric (g) IZr Zirconium Monoiodide (g) 
H,Me Magnesium Hydride (c) I, Iodine (ref. st.) 
H,Mg0, Magnesium Dihydroxide (c) I, Iodine (2) 
H,Mg0, Magnesium Dihydroxide (g) I, Iodine, Diatomic (g) 
H,Mo0, Molybdic Acid (g) I,K, Potassium Iodide, Dimeric (g) 
HN Amidogen (g) T,Li, Lithium Iodide, Dimeric (g) 
HN, Diimide (g) I,Pb Lead Diiodide (c) 
H,Na,0, Sodium Hydroxide, Dimeric (g) I,Pb Lead Diiodide (2) 
H,0 Water (g) I,Pb Lead Diiodide (g) 
H,0, Hydrogen Peroxide (g) I,Ti Titanium Diiodide (c) 
H,0,S Sulfuric Acid (2) I,Ti Titanium Diiodide (g) 
H,0,S Sulfuric Acid (g) I,Zr Zirconium Diiodide (c) 
H,0,W Tungstic Acid (c) I,Zr Zirconium Diiodide (2) 
H,0,,W Tungstic Acid (g) I,Zr Zirconium Diiodide (g) 
H)P Phophorus Hydride (g) I,Ti Titanium Triiodide (c) 
H,S Hydrogen Sulfide (g) I,Ti Titanium Triiodide (g) 
H,Ti Titanium Hydride (c) I,Zr Zirconium Triiodide (c) 
“8 Ammonia (g) I,2r Zirconium Triiodide (g) 
H,0 Hydronium Unipositive Ion (g) 
H,0,P Orthophosphoric Acid (c) I,,Pb Lead Tetraiodide (g) 
H,0,P Orthophosphoric Acid (2) IT, Ti Titanium Tetraiodide (c) 
H,P Phosphine (g) Ti Titanium Tetraiodide (2) 
HIN Ammonium Iodide (c) Ti Titanium Tetraiodide (g) 
HN, Hydrazine (2) I,Zr Zirconium Tetraiodide (c) 
HUN, Hydrazine (g) I,Zr Zirconium Tetraiodide (g) 
H,Si Silane (g) 

K Potassium (ref. st.) 
Hg Mercury (ref. st.) K Potassium (2) 
Hg Mercury (2) K Potassium, Monatomic (g) 
Hg Mercury, Monatomic (g) K* Potassium Unipositive Ion (g) 
HgI Mercurous Iodide (g) KO Potassium Monoxide (g) 
Hgl, Mercuric Iodide (c) KO_ Potassium Monoxide Uninegative Ion (g) 
Hel, Mercuric Iodide (2) 
Hel, Mercuric Iodide (g) 2 Potassium, Diatomic (g) 
HgO Mercuric Oxide (c) K,0 Potassium Oxide (c) 
HgO Mercury Monoxide (g) K,0, Potassium Peroxide (c) 
Hg oI, Mercurous Iodide (c) 
Hg,I, Mercurous Iodide (2) Li Lithium (ref. st.) 

Li Lithium (c) 
ui Iodine, Monatomic (g) Li Lithium (2) 
IK Potassium Iodide (c) La Lithium, Monatomic (g) 
Ik Potassium Iodide (2) ig Lithium Unipositive Ion (g) 
IK Potassium Iodide (g) LiN Lithium Nitride (g) 
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Table Title 


Lithium Nitroxide (g) 


Lithium Sodium Oxide (g) 


Lithium Monoxide (g) 


Lithium Monoxide Uninegative Ion (g) 


Lithium, Diatomic (g) 
Lithium Oxide (c) 
Lithium Oxide (2) 
Lithium Oxide (g) 


Lithium Peroxide (c) 


Lithium Monoxide, Dimeric (g) 


Lithium Metasilicate (c) 


Lithium Metasilicate (2) 
Lithium Metatitanate (c) 
Lithium Metatitanate (2) 


Lithium Disilicate (c) 
Lithium Disilicate (2) 
Lithium Nitride (c) 


Magnesium 
Magnesium 
Magnesium 
Magnesium 
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Unipositive Ion (g) 
Nitride (g) 
Oxide (c) 

Oxide (2) 

Oxide (g) 
Metasilicate (c) 
Metasilicate (2) 
Metatitanate (c) 
Metatitanate (2) 
Sulfate (c) 
Sulfate (2) 
Tungstate (c) 
Dititanate (c) 
Dititanate (2) 
Sulfide (c) 
Sulfide (g) 


Orthosilicate (c) 
Orthosilicate (2) 
Orthotitanate (c) 
Orthotitanate (2) 
Silicide (c) 


Silicide (2) 


Nitride (c) 
Orthophosphate (c) 
Orthophosphate (2) 
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Table Title 
Molybdenum (c) 
Molybdenum (2) 
Molybdenum, Monatomic (g) 
Molybdenum Unipositive Ion (g) 
Molybdenum Monoxide (g) 
Molybdenum Dioxide (c) 
Molybdenum Dioxide (g) 
Molybdenum Trioxide (c) 
Molybdenum Trioxide (2) 
Molybdenum Trioxide (g) 


Nitrogen, Monatomic (g) 

Nitric Oxide (g) 

Nitric Oxide Unipositive Ion (g) 
Nitrogen Dioxide (g) 

Nitrogen Dioxide Negative Ion (g) 
Nitrogen Trioxide (g) 

Phosphorus Nitride (g) 

Sulfur Nitride (g) 

Silicon Nitride (g) 

Disilicon Nitride (g) 

Titanium Nitride (c) 

Titanium Nitride (2) 

Zirconium Nitride (c) 

Zirconium Nitride (2) 


Zirconium Nitride (g) 


Nitrogen (ref. st., g) 
Dinitrogen Monoxide (g) 
Dinitrogen Trioxide (g) 
Nitrogen Tetroxide (c) 
Dinitrogen Tetroxide (2) 
Nitrogen Tetroxide (g) 
Dinitrogen Pentoxide (g) 
Silicon Nitride (c,a) 


Triphosphorus Pentanitride (c) 


Sodium (ref. st.) 

Sodium (c) 

Sodium (2) 

Sodium Monatomic (g) 
Sodium Unipositive Ion (g) 
Sodium Monoxide (g) 

Sodium Monoxide Uninegative Ion (g) 
Sodium Superoxide (c) 
Sodium Diatomic (g) 
Disodium Monoxide (c) 
Disodium Monoxide (2) 
Disodium Dioxide (c) 
Sodium Metasilicate (c) 


Sodium Metasilicate (2) 
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Order Table Title Order Table Title 
Na,0,S Sodium Sulfate (c,V) 0, Ozone (g) 
Na,0,S Sodium Sulfate (c,III) 0,PbSi Lead Metasilicate (c) 
Na,0,5 Sodium Sulfate (c,I) 0,5 Sulfur Trioxide (g) 
Na,0,S Sodium Sulfate (c,6) 0,Ti Dititanium Trioxide (c) 
Na,0,S Sodium Sulfate (2) 0,Ti, Dititanium Trioxide (2) 
Na,0,W Sodium Tungstate (c) 0,W Tungsten Trioxide (c) 
Na,0,Si, Sodium Disilicate (c) 0,W Tungsten Trioxide (2) 
Na,0,Si, Sodium Disilicate (2) 0,W Tungsten Trioxide (g) 
Na,s Sodium Sulfide (c) 
Na,S Sodium Sulfide (2) 0, Pb,Si Lead Orthosilicate (c) 
0, Pb, Lead Orthoplumbate (c) 
Oxygen, Monatomic (g) 0,Sizr Zirconium Orthosilicate (c) 
Q” Oxygen Uninegative Ion (g) 0,Ti, Trititanium Pentoxide (c,a) 
OP Phosphorus Monoxide (g) 0,Ti, Trititanium Pentoxide (c,B) 
OPb Lead Monoxide (c, Red) O,Ti Trititanium Pentoxide (2) 
OPb Lead Monoxide (c, Yellow) O-Py Phosphorus Trioxide, Dimeric (g) 
OPb Lead Monoxide (2) OW, Tungsten Trioxide, Dimeric (g) 
OPb Lead Monoxide (g) OW, Tritungsten Octaoxide (g) 
os Sulfur Monoxide (g) OW, Tungsten Trioxide, Trimeric (g) 
OS, Disulfur Monoxide (g) Or6Py Phosphorus Pentoxide, Dimeric (c) 
OSi Silicon Monoxide (g) O13 0Py Phosphorus Pentoxide, Dimeric (g) 
OTi Titanium Monoxide (c,a) 0, Wy Tungsten Trioxide, Tetrameric (g) 
OTi Titanium Monoxide (c,) 
OTi Titanium Monoxide (2) 2 Phosphorus (ref. st.) 
OTi Titanium Monoxide (g) 2 Phosphorus (c, Red, V) 
Ow Tungsten Monoxide (g) 12 Phosphorus (c, White) 
OZr Zirconium Monoxide (g) ip Phosphorus (2) 
P Phosphorus (g) 
Oo, Oxygen, Diatomic (ref. st., g) PS Phosphorus Sulfide (g) 
0, Diatomic Oxygen Uninegative Ion (g) Po Phosphorus, Diatomic (g) 
0,P Phosphorus Dioxide (g) a Phosphorus, Tetratomic (g) 
0,Pb Lead Dioxide (c) PS, Phosphorus Sulfide (c) 
0,8 Sulfur Dioxide (g) P,S3 Phosphorus Sulfide (2) 
0,Si Quartz (c) PS, Phosphorus Sulfide (g) 
0,Si Cristobalite (c,low) 
0,Si Cristobalite (c,high) Pb Lead (ref. st.) 
0,Si Silicon Dioxide (2) Pb Lead (c) 
0,Si Silicon Dioxide (g) Pb Lead (2) 
O,Ti Anatase (c) Pb Lead (g) 
O,Ti Rutile (c) Pb, Lead, Diatomic (g) 
0,Ti Titanium Dioxide (%) 
O,Ti Titanium Dioxide (g) s Sulfur (ref. st.) 
OoW Tungsten Dioxide (c) S Sulfur (c) 
O,W Tungsten Dioxide (g) S Sulfur (2) 
05 72" Tungsten Oxide (c) Ss) Sulfur, Monatomic (g) 
05 90" Tungsten Oxide (c) SSi Silicon Monosulfide (g) 
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